By the application of an in-plane magnetic field, we demonstrate control of the fine structure polarisation splitting of the exciton emission lines in individual InAs quantum dots. The selection of quantum dots with certain barrier composition and confinement energies is found to determine the magnetic field dependent increase or decrease of the separation of the bright exciton emission lines, and has enabled the splitting to be tuned to zero within the resolution of our experiments. Observed behaviour allows us to determine g-factors and exchange splittings for different types of dots.
2 with a distribution of splittings, so both growth control and annealing do not provide a convenient method to tune the splitting of a single quantum dot. In this Letter, we demonstrate the effect of magnetic fields on the splitting, and describe the circumstances for which we observe a reduction in the splitting to zero.
The radiative decay of the neutral biexciton (XX) state is found experimentally to dominate quantum dot emission spectra. The biexciton state consists of a pair of electrons with spins +1/2 and -1/2, and a pair of holes with spins +3/2 and -3/2. The biexciton state (and ground state) is therefore spin neutral, and has zero net Zeeman interaction with the magnetic field, in contrast to the intermediate exciton (X) states, which also govern the polarisation of emitted photons [9] . There are four X states, each with an electron of spin ±1/2 and a hole of spin ±3/2, and characterised by their total angular momentum m of +1,-1,+2 and -2. The X states |m>=|±1> are optically active or 'bright', as they can radiatively recombine to emit a photon. The X states |m>=|±2> are optically inactive, or 'dark'.
The X states are also modified by electron hole exchange interactions [5, 9, 10, 14, 16, 17, 18] . The resulting energy levels are shown schematically in Fig. 1a for a dot similar to the InAs dots studied here. The long range component of the exchange interaction is dominant in quantum dots [10] , and pushes the dark states to lower energy than the bright states by D 0 , typically a few 100µeV and independent of in-plane anisotropy. Long range exchange also splits the two bright X states by S 0 for dots with anisotropic electron hole overlap in the plane, which exists for all dots previously studied due to preferential elongation [11] , strain [12, 13] , and diffusion along the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction of the crystal. S 0 is typically at least several 10µeV. In-plane anisotropy also splits the dark states by σ 0 , but this is sensitive to the short range exchange interaction only, which acts only within the unit cell, and σ 0 therefore is much smaller than S 0 or D 0 , and we approximate it to zero [14, 17, 5] . The eigenstates of the dot are the symmetric and anti-symmetric bright states (|+1>+|-1>) and (|+1>-|-1>), and the symmetric and anti-symmetric dark states (|+2>+|-2>) and (|+2>-|-2>).
The radiative decay of XX can occur via either the symmetric or anti-symmetric bright X state to the ground state, emitting of a pair of horizontally (H) or vertically (V) linearly polarised photons, oriented along the [110] and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] directions respectively. If an in-plane magnetic field is applied to the quantum dot, then the dark and bright states become coupled via the Zeeman interaction [5, 9, 10, 14, 16, 17, 18] . This partially allows optical transitions to and from the predominately dark, or 'darker' states, as indicated by dashed arrows in Fig. 1a . Each dark state mixes with just one bright 3 state and shares a linear polarisation with this state, indicated by the size and colour of the points in The bright exciton splitting S, approximated for small in-plane magnetic fields B x , is determined by the solution of the Hamiltonian for the in-plane Zeeman interaction [5, 16] , and has the form of equation 1. ) (
For our experiments, we find it sufficient to parameterise the response of a given quantum dot by the coefficient K of B x 2 only, since K' is relatively small. The change in the optically dominant exciton level splitting with field K is determined experimentally in units of µeVT -2 , and is related to properties of the quantum dot as shown in equation 2.
In contrast to the case for normally applied fields, the change in S with magnetic field is therefore dependent on both the initial symmetry and size of the quantum dot, (represented by S 0 and D 0 ), and the sign of the g-factors. We describe below how this allows S to be reduced to zero for certain quantum dots.
The quantum dot samples used for all measurements presented here were grown by MBE. Three differing barrier compositions were used; GaAs, Al 0.1 Ga 0.9 As, and Al 0.33 Ga 0.67 As, all of which were grown to a thickness of at least 250nm. The InAs quantum dot layer was then deposited directly on the barrier material, to a thickness corresponding to the threshold for island formation, around 1.6 monolayers. The dots were then capped by at least 250nm more barrier material. The areal quantum 4 dot density for all samples was <1µm -2 , which together with a metal mask containing apertures of 2µm diameter fabricated on the surface allowed the isolation of individual quantum dots.
The samples were measured in a continuous flow helium cryostat operating at ~5K. CW laser excitation was provided with energy above the band gap of the barriers, and focussed onto the sample using a microscope objective lens. The same lens collimated the emission, which then passed through linear polarisation selection optics before being dispersed by a grating spectrometer,
and measured with a liquid nitrogen cooled CCD camera. The cryostat was placed within the bore of a superconducting magnet with the field parallel to the plane of the sample.
In photoluminescence (PL), X emission is typically seen as a linearly polarised doublet [15, 3] with a zero field splitting S 0 and a linear intensity dependence on laser power. XX emission has quadratic power dependence and has reversed polarisation splitting -S 0 . Determining the average of S measured from X and XX emission removed systematic errors introduced by the polarisation optics, and we estimate that S is determined to a precision of ~0.5µeV. We present here only spectra from X recombination for clarity.
Due to variations in size and shape of self-assembled quantum dots, the confinement energy varies from dot to dot. The exciton extends further in the plane for dots with weaker confinement, which reduces the strength of the exchange interaction and consequently S 0 . For the weakest confined dots, the splitting inverts, and the horizontally polarised exciton emission is lower in energy than the vertically polarised, attributed to competing directions of expansion between the electron and hole [8, 12] . Thus the selection of the emission energy of a dot also determines its fine structure to a large degree. Furthermore, significant control of the emission energy is provided by varying the thickness of InAs deposited. Dot A has an emission energy of ~1.382eV, in the absence of any applied magnetic field, and splitting S 0 of +22±1µeV. With the application of an in-plane magnetic field of 5T, the linear polarisation of the dominant lines remains, S increases to +77±1µeV, and in addition a new line is seen to lower energy in the horizontally polarised spectrum [16] , which we attribute to a darker X state described above, partially mixed with the higher energy, H polarised X state, as indicated by its polarisation character. 5 The lower panel of Fig. 2 shows S increases non-linearly with magnetic field. This is a consistent with the magnetic field induced mixing of the H polarised bright X state with a dark X state as described above. This in turn increases the splitting S between the V and H polarised brighter states.
At zero field, emission of dot B is ~157meV higher in energy than dot A, which can be explained by a wider band gap energy due to intermixing of aluminium within the quantum dot region, and increased quantisation energy from the stronger confinement provided by the AlGaAs barriers. The polarisation splitting S 0 is much larger than for dot A, at +284±1µeV, due to stronger exchange interaction caused by better exciton confinement. At 5T the familiar darker state becomes visible to lower energy, but remarkably has the opposite polarisation to that observed for dot A, and is vertically polarised, the same as the lower energy brighter exciton state. Analogous to the case above, the two vertically polarised states repel each other under magnetic field, and this time the lower energy exciton state is pushed closer to the higher energy exciton state, reducing the splitting from +284±1µeV at 0T to +235±1µeV at 5T. The change in S is observed more clearly when plotted as function of the magnetic field in the bottom panel, which shows an approximately quadratic reduction as a function of field. We reiterate that reduction of the polarisation splitting S in not possible for magnetic fields normal to the sample.
Dot C emits at a slightly higher energy than dot A by ~21meV, and shows an inverted fine structure splitting of -16±1µeV. At high field, a new feature corresponding to the dark state appears, horizontally polarised, as for dot A. Crucially however, by 5T the splitting has changed sign to +31±1µeV, and the order of the polarised lines is reversed to those at zero field. This indicates that the coupling of the dark states to the lower energy bright state was sufficient to energetically tune the H polarised line through the V polarised line. A weak V polarised peak is also seen, with very similar energy to the darker H polarised state. The observation of both dark states is not common in these dots, unlike in other work [16, 17] is plotted against S 0 as shown in Fig. 3c . This is expected as S 0 is known to increase with stronger confinement E c [8] . The ratio S 0 /D 0 is on average 0.6±0.14. For dots with GaAs barriers, and especially for those which can be tuned to S=0, S 0 /D 0 is small. 7 As a result, for dots with GaAs barriers, the sign of K is determined by the product g e,x g h,x . As we measure K to be positive we deduce g e,x and g h,x must be of the same sign. Under the current approximation of small σ 0 , the weak mixing of the darker V polarised state suggests that g V =g e, In summary, we have demonstrated that for many dots it is possible to engineer a crossing of the typically non-degenerate exciton levels by the application of modest magnetic fields in the plane of the sample. We conclude that the magnetic field response of S is strongly dependent on the 0T fine structure, and g factors of each dot. Two types of quantum dot are identified for which linear polarisation splitting can be tuned to zero by the application of an in-plane magnetic field. Suitable dots can be selected by the choice of the barrier material, and the the emission energy of the dot, which can is related to the InAs deposition thickness. The first type, dots with GaAs barriers and inverted initial polarisation splitting, are easily tuned to S=0 by modest fields, a consequence of small negative S 0 and similar electron and hole g-factors. The second type, dots with AlGaAs barriers and large S 0 , require stronger fields due to the larger D 0 , and S 0 , and are dominated by the effects of the larger, electron g-factor.
It is important to consider the effect of the hybridisation of the dark and bright states in terms of entangled photon pair emission from exciton states magnetically tuned onto resonance as described here. At least for the dots presented here, one of the bright states tends to couple more strongly to the dark states, which thus preferentially increases its radiative lifetime due to the inhibited recombination of the dark state component [18] . In principle it is therefore possible to distinguish the predominantly bright mixed states in the time domain. In practice however, the change to the 
